Abstract This review discusses the hydrophilic/hydrophobic ratio as a function of the hydrophilic and hydrophobic contents removal by coagulation process. It is well established that coagulation process could bring a reduction in dissolved organic carbon of around 30-60% by increasing the coagulant dose and optimising reaction pH, in which large organic molecules with hydrophobic property was removed preferentially. Furthermore, the literature affirmed that the greater removal of UV-absorbing substances indicates that alum coagulation preferentially removed the hydrophobic fraction of the total organic carbon. For the hydrophobic fraction, it needs to be removed entirely without its transformation into hydrophilic fractions by coagulation process avoiding pre-chlorination/pre-oxidation due to the risk of organic molecules fragmentation. Determining the exact numerical values of the hydrophilic/hydrophobic ratio for raw water and treated water at different stages of the treatment processes in a water treatment plant, as for the DCO/DBO 5 ratio in the case of wastewater treatment, would help on more focusing on OM control and removal.
Introduction
It is well known now that natural organic matter (NOM) in the aquatic environment consists of a wide variety of organic compounds that are primarily derived from the decomposition of plant and animal residues (Chen et al., 2002; Joseph et al., 2012) . Further, the presence of NOM in various water sources is a major concern for environmental scientists and engineers, specifically in water treatment (Ghernaout et al., 2011; Liu et al., 2012) . There is no doubt here that NOM often contributes to offensive taste and odours in potential drinking water sources and acts as a carrier for metals and various harmful organic chemicals (Ghernaout et al., 2011) . Moreover, NOM can disrupt various processes in a conventional water treatment facility (Baghoth et al., 2011) . Indeed, NOM is considered to be a precursor for carcinogenic disinfection by-products (DBPs) such as trihalomethanes (THMs) and haloacetic acids (HAAs) that can form during chlorination (Chowdhury et al., 2009; Rook, 1974 Rook, , 1977 Rice and Gomez-Taylor, 1986; Gang et al., 2005; Roccaro et al., 2008; Kristiana et al., 2013) and contribute to bacterial regrowth and biofilm formation in drinking water distribution systems (Ghernaout et al., 2011) .
On the other hand, it is well established that coagulation/ flocculation in water/wastewater treatment involves the addition of chemicals to alter the physical state of dissolved and suspended solids and facilitate their removal by sedimentation (Dentel, 1991; Cheng, 2002; Duan and Gregory, 2003; Matilainen et al., 2010; Sa´ez et al., 2010; Alexander et al., 2012; Kimura et al., 2013) . As chemical products, coagulants react with the suspended and colloidal particles in the water, causing them to bind together and thus allowing for their removal in the subsequent treatment processes (Jiang, 2001; Li et al., 2006; Jiang and Wang, 2009 ). The aggregation mechanisms through which particles and colloids are removed include a combination of charge neutralisation, entrapment, adsorption and complexation with coagulant ions into insoluble masses (Duan and Gregory, 2003; Zhou et al., 2005; Zhang and Wang, 2009; Cheng et al., 2010; Matilainen et al., 2010; Verma et al., 2012; Ghernaout and Ghernaout, 2012) .
As an integral part of the conventional water treatment scheme, coagulation treatment has been employed to decrease turbidity and colour and to remove pathogens (Hai et al., 2007; Matilainen et al., 2010; Verma et al., 2012) . Coagulation can remove efficiently the hydrophobic and high molar mass fractions of NOM (Matilainen et al., 2010; Mao et al., 2013) . Moreover, coagulation/flocculation/precipitation processes have been intensively used for decolourising wastewater (Hai et al., 2007; Verma et al., 2012) and coagulation is often applied to augment biological phosphorous removal in activated sludge processes (Nguyen et al., 2010) .
It is well established through the long and large literature that the coagulation process efficiency is highly dependent on hydrophilic and hydrophobic properties (Table 1) of NOM and dissolved organics (Edzwald, 1993; Jiang and Graham, 1996; Ghernaout et al., 2009; Weng et al., 2012; Zhao and Zhang, 2011; Wu et al., 2011) . This review aims to discuss the influence of these fundamental characteristics on the coagulation performance. Several and different examples from the pertinent selected references treating coagulation of NOM and dissolved organics are given in the following sections. The main objective here is to find or establish a hydrophilic/hydrophobic ratio to well understand and optimise the coagulation process. In order to explain why the hydrophilic/hydrophobic ratio would be introduced, the following sections discuss coagulation of trace organic contaminants, organics in bio-treated textile wastewater, cyanotoxins, and AOP-pretreated samples. Coagulation diagram and changes during coagulation in NOM reactivity are also treated before discussing the hydrophilic/hydrophobic ratio.
Coagulation for trace organic contaminant removal
The term trace organic contaminants refer to contaminants present in water and wastewater at very low concentrations. (Edzwald, 1993 Types of trace organic contaminants include endocrine disrupting compounds, pharmaceutical and personal care products, and disinfection by-products (DBPs) (Alexander et al., 2012) . Even if coagulation, followed by flocculation and sedimentation, has been proved to be effective for bulk NOM removal from water, it has traditionally been found to be inefficient in removing trace organic contaminants (Boyd et al., 2003; Choi et al., 2006; Dempsey and O'Melia, 1984; Bodzek and Dudziak, 2006; Huerta-Fontela et al., 2011; Kim et al., 2007; Le-Minh et al., 2010; Snoeyink and Chen, 1985; Vieno et al., 2006; Sharma, 2012) . Advanced water treatment processes, on the other hand, such as adsorption (Bundy et al., 2007; Choi et al., 2006) and reverse osmosis/nanofiltration processes have been found to be more effective in the removal of trace organic contaminants from water (Al-Rifai et al., 2011; Comerton et al., 2008; Nghiem et al., 2004) . Alexander et al. (2012) summarised the advantages and disadvantages of the available techniques for trace organic contaminant removal from water/wastewater. They indicated that all methods listed have of course some advantages as well as some drawbacks, and a universal standalone process applicable for majority of the trace organic contaminants is yet to be developed. The advanced processes are generally more energy intensive and complex in operation than conventional treatment processes. For example, membrane bioreactor presents an excellent removal of significantly hydrophobic trace organics in a single-step compact biological process and on the other hand it shows an inefficient removal of hydrophilic and persistent trace organics requiring a polishing step.
Since coagulation and flocculation are cost-competitive and common methods, it is obvious to investigate ways to improve their performance of dissolved organics removal (Bond et al., 2011) . Huerta-Fontela et al. (2011) achieved an effective removal of some pharmaceutical compounds, with the exception of hydrochlorothiazide; this may be the result of a removal phenomenon known as partitioning, given their relative hydrophobicity. During coagulation and flocculation, Suarez et al. (2009) removed some musk compounds such as tonalide, galaxolide, and celestolide from hospital wastewater by 83%, 79%, and 78%, respectively with the high degree of removal possibly attributed to the hydrophobic nature of these compounds (Suarez et al., 2009 ). Recently, Alexander et al. (2012 carried out an analysis of the removal data for a long list of compounds covered in their review according to their relative hydrophobicity. They showed that although hydrophobicity can explain the high removal of certain compounds, there was no discernable correlation between hydrophobicity and removal, suggesting that hydrophobicity is not the sole factor governing removal by coagulation, even for significantly hydrophobic compounds. This means that the usual method of coagulant selection based on turbidity/suspended solids removal may not always be effective. Moreover, pre-coagulation has been found to enhance the trace organic contaminant removal performance of the advanced treatment processes such as ozonation, GAC adsorption and nanofiltration. They also concluded that the research to date has largely focused on traditional coagulants such as ferric and aluminium coagulants which were not designed for the purpose of removing trace organic contaminants. Consequently, there is the potential to investigate the efficiency of new generation high performance coagulants, such as composite coagulants and inorganic/organic additives, in removing trace organic contaminants (Alexander et al., 2012) .
3. Coagulation of organics in bio-treated textile wastewater Qian et al. (2013) employed a novel hybrid process involving stepwise coagulation and intermediate ozonation in the presence of granular activated carbon (GAC/O 3 ) to remove effluent organic matter (OM) from bio-treated textile wastewater. They evaluated the removal behaviour of effluent OM in different processes, including biodegradability, hydrophobic and hydrophilic property, and apparent molecular weight (MW) distribution. They demonstrated that when the polyaluminium chloride dose of 25 mg L À1 as Al was used in both pre-coagulation (pH 8.0) and post one (pH 5.5), and the ozone dose of 3.1 mg O 3 mg À1 COD was applied in GAC/O 3 (GAC 10 g L À1 ) lasting 5 min, the superior removal efficiencies of water quality parameters like turbidity, colour, COD, DOC and UV 254 were 95.8%, 97.5%, 88.1%, 68.7% and 90.5%, respectively. They also showed that GAC/O 3 not only gave the efficient decolourisation and DOC removal, but also enhanced the treatability of biodegradable and hydrophilic organics of AWM in 1-10 kDa by post-coagulation, likely due to the effective removal of coloured and hydrophobic organics in apparent MW > 1 kDa via pre-coagulation. They proved that the hybrid process applying appropriate operational parameters is an attractive strategy in the wastewater reclamation. Yan et al. (2007) investigated the transformations of particles, metal elements and NOM in a pilot-scale water treatment plant and found that pre-ozonation and mid-ozonation could oxidise high MW DOC into lower MW DOC and change hydrophobic acid and electrical hydrophilic DOC into hydrophobic base, hydrophobic neutral, and weakly hydrophobic acid, which could improve the removal efficiencies of following coagulation and GAC adsorption (Sam et al., 2010) .
Cyanotoxins coagulation
Coagulation can be an efficient method for eliminating cyanobacterial cells from water; but soluble cyanotoxins, which are hydrophilic, are not efficiently removed by this method (Huang et al., 2009; Yang et al., 2011; Ma et al., 2012; Pantelicé t al., 2013) . It is obvious that the efficiency of coagulation process is dependent on pH values and chemical doses (Can˜iz-ares et al., 2009; Xiao et al., 2009; Ghernaout et al., 2010) . This treatment may, however, cause lysing of cyanobacterial cells and releasing of toxins in water, what presents the major problem in application of coagulation process in removal of cyanotoxins from the water (Ghernaout et al., 2010) . Researchers such as Xagoraraki (2007) reported that coagulation has up to 90% reported removals for intracellular microcystin, however, sludge containing toxic cyanobacteria should be isolated from the treatment process as cells contained in sludge can break down rapidly and release dissolved toxin (Chow et al., 1999) . Extracellular microcystin-LR is practically not removed by coagulation (2.5-7.9% for raw water and 6.8-11.7% for ozonated water) as reported by Teixeira and Rosa (2007) . Furthermore, NOM in surface waters may result in lower cyanobacterial removal efficiencies (Ma and Liu, 2002) .
The hydrophilic/hydrophobic ratio vs. dissolved organics removal by coagulation -A review Li et al. (2012) focused their study on algae organic matters (AOM), including intracellular organic matters (IOM) and extracellular organic matters (EOM), which are causing numerous water quality issues, among which is the formation of DBPs and odour & taste (O&T) compounds. They comprehensively characterised physiochemical properties of IOM and EOM of Microcystic aeruginosa under an exponential growth phase (2.01 · 10 11 L À1 ). They also quantified the yields of DBPs during AOM disinfection and O&T-causing compounds. They found that hydrophilic OMs accounted for 86% and 63% of DOC in IOM and EOM, respectively. They also found that MW fractions of IOM in <1, 40-800, and >800 kDa were 27%, 42%, and 31% of DOC, respectively, while EOM primarily contained 1-100 kDa molecules. Besides, a low specific ultraviolet absorbance (SUVA) (0.84 L mg À1 m
À1
) and the specific fluorescence spectra suggested that AOM (especially IOM) was principally comprised of protein-like substances, instead of humic-like matters. Moreover, the formation potentials of chloroform, chloroacetic acid, and nitrosodimethylamine were 21.46, 68.29 and 0.0096 lg mg C À1 for IOM, and 32.44, 54.58 and 0.0189 lg mg C À1 for EOM, respectively. Further, the dominant O&T compound produced from EOM and IOM were 2-MIB (68.75 ng mg C
) and b-cyclocitral (367.59 ng mg C À1 ), respectively. Takaara et al. (2010) found that the negatively charged hydrophilic substances with a MW higher than 10 kDa have a significant role in coagulation inhibition.
In a full scale drinking water treatment plant, Zamyadi et al. (2012) studied the fate of cyanobacteria and their associated toxins after the addition of coagulant and powdered activated carbon, post clarification, within the clarifier sludge bed, after filtration and final chlorination. They found that elevated cyanobacterial cell numbers (4.7 · 10 6 cells mL À1 ) and total microcystins concentrations (up to 10 mg L À1 ) accumulated in the clarifiers of the treatment plant. They also observed breakthrough of cells and toxins in filtered water. Also, they measured a total microcystins concentration of 2.47 mg L À1 in chlorinated drinking water. They proved that cyanobacterial cells and toxins from environmental bloom samples were more resistant to chlorination than results obtained using laboratory cultured cells and dissolved standard toxins.
We have concluded, in our previous review (Ghernaout et al., 2010) , that since dissolved microcystins are efficiently removed by charge neutralisation more than sweep coagulation, enhanced coagulation would be more convenient for their removal (Ghernaout et al., 2010) .
As seen above, the membrane integrity of cells is significant for the safe and effective removal of cyanobacterial cells from drinking water sources. Sun et al. (2012) applied cell density counting, cell viability testing, chlorophyll-a determination, extracellular MC-LR monitoring and PCR-DGGE analysis to assess the effects of coagulant dose, shear and floc storage time on the integrity of Microcystis aeruginosa. They showed that all cells were removed without damage to membrane integrity under the optimum coagulation conditions: coagulant dose 15 mg L À1 AlCl 3 , rapid mix speed 250r min À1 , rapid mix time 1 min, slow mix speed 20r min
, slow mix time 20 min. They found that the coagulant dose and shear did not cause the lysis of cells and ensuing release of MC-LR, but when the flocs were stacked over 6 days, the cells lysed and the MC-LR concentration increased above the background level.
Furthermore, the degree of cell breakage without coagulation was higher than the coagulated cells in flocs. Consequently, they concluded that keeping the flocs safely treated or disposed of on time as well as keeping the cyanobacterial cells integrally removed plays an important part in controlling the harm of blooms to drinking water production.
In their review, Srinivasan and Sorial (2011) concluded that conventional treatment processes in water treatment plants, such as coagulation, sedimentation and chlorination have been found to be ineffective for removal of 2-methyl isoborneol and geosmin. They also concluded, however, that powdered activated carbon, ozonation and bio-filtration were proved to be effective in treatment of these two compounds. Henderson et al. (2008) investigated the coagulation and flotation of four species of algae. They measured zeta potential at optimum removal and they observed that when the zeta potential was reduced to between À8 and +2 mV, removal of algae and associated organic material was optimised, irrespective of the coagulant dose or pH. They concluded that process control using zeta potential is a viable tool for algae removal.
Treatability of AOP-pretreated samples by coagulation
As a very good indicator of raw water treatability by coagulation/flocculation, the value of SUVA is used for providing information about the distribution of NOM as hydrophobic/ hydrophilic, low/high MW and low/high charge density properties (Chu et al., 2011; Tubic´et al., 2011; Ziylan and Ince, 2013; Bose and Reckhow, 2007; Shi et al., 2007; Choi et al., 2008; Kim and Kang, 2008 Table 2 which presents properties of the influent water in water treatment plant (WTP) after aeration and [Edzwald and Tobiason (1999) 's Table 3 for guidelines on nature of NOM removal and expected DOC removals] for the raw water in WTP it shows that NOM is composed of a mixture of aquatic humics and other components that are mostly of hydrophilic and low MW character, Table 2 Properties of the influent water in WTP after aeration (Ziylan and Ince, 2013 
25% or a little greater of which is expected to be eliminated as DOC by coagulation with alum and ferric, respectively (Edzwald and Tobiason, 1999). Ziylan and Ince (2013) found that the selected pre-treatment operations led to significant enhancements in the expected removal of DOC by coagulation as depicted in Fig. 1 . The obtained maximum efficiency at the coagulation basin of the WTP at the same conditions but with no pre-treatment was 34% with alum and 41% with FeSO 4 (slightly higher than predicted); whereas values as high as 63-65% were attained by pre-treatment of the influent with O 3 /UV/ultrasound (US) or O 3 /US/Fe 2+ prior to coagulation. They noted that a higher efficiency of coagulation in samples pretreated with O 3 /US/ Fe 2+ (than those coagulated with alum) is due to a larger adsorptive capacity of Fe(OH) 3(s) (than Al(OH) 3(s) ) as was also reported in the literature (Julien et al., 1994) . They also noted that coagulation without pretreatment (regardless of the coagulant type and dosage) was unable to remove diclofenac-Na (less than 0.5%), whereas complete removal was achieved when it followed an advanced pretreatment option such as P4, P5 and P6 (Fig. 1) ) indicating the presence of primarily aquatic humic substances with high hydrophobicity and high MW compounds. It is well known that the removal of DOC via coagulation processes is generally expected for source water with SUVA values greater than 4.0 L mg À1 m À1 (Edzwald, 1993; Edzwald and Tobiason, 1999) . Teixeira et al. (2010) . An interesting approach was presented by Zhang et al. (2008) who explored the synergistic combination of coagulation with biological processes for drinking water treatment on the basis of on-site biofilters and jar tests. Their experimental results indicated that biological processes can result in a significant change of zeta potential of water flow, making the zeta potential of effluent less negative than that of raw water. Their observation of biofilm morphology with scanning electronic microscope showed that the biofilm is in the shape of a cobweb and can hold a large number of turbidity particles. Zhang et al. (2008) proved that the combination of biotreatment with coagulation can enhance process efficiency and save coagulant significantly. However, they suggested that further explorations are needed to determine the best support medium for biofilm growth and the best combination of coagulation with biotreatment in different situations. However, Bond et al. (2009) concluded that the biological treatment was effective in removing amino acids but also moderately increased the HAA formation potential of hydrophilic compounds. Chang et al. (2001) investigated the MW distribution and chemical composition of precursors and their relationship with DBPs. They found that most of the OMs responsible for the major DBP precursors in the Pan-Hsin water are small compounds with a MW less than 1 kDa. They also found that the hydrophobic acids display the greatest ability to produce DBP. They concluded that an effective removal of small molecules or hydrophobic acid organics prior to disinfection process will significantly reduce the DBP concentration in the finished water. They also concluded that although the coagulation process is effective in removing large organic precursors and the removal efficiencies of CHCl 3 formation potential and organic carbon increase proportionally to the MW of the precursors, the conventional treatment methods have limited efficiency in eliminating small precursors. The same conclusion was reached by Chiang et al. (2002) . Badawy et al. (2012) indicated that using pre-ozonation/enhanced coagulation/activated carbon filtration treatment train appears to be the most effective method for reducing DBP precursors in drinking water treatment. However, Can and Gurol (2003) confirmed that ozonation caused almost an immediate formation of formaldehyde, which reached a peak value, and then started to decrease with continued ozonation. Furthermore, ozonation of aqueous fulvic acid produced higher concentrations of formaldehyde compared to other types of humic material. More importantly, formaldehyde formation was suppressed by high bicarbonate levels, and enhanced at higher pH and formaldehyde accumulation was more dramatic Table 3 Guidelines on nature of NOM and expected DOC removals (Edzwald and Tobiason, 1999 The hydrophilic/hydrophobic ratio vs. dissolved organics removal by coagulation -A reviewat low ozone dosages (Can and Gurol, 2003) . Similar conclusions were obtained by several authors such as Van Breemen et al. (1979) , Amy et al. (1991) , Schechter and Singer (1995) , and Bose and Reckhow (2007) . For Chen et al. (2008) , the pre-chlorination and filtration process had a negative effect on DBP or precursor removal.
Changes during coagulation in NOM reactivity towards DBPs formation
Tubic´et al. (2013) investigated the role of individual NOM fractions on changes in THM and HAA formation during coagulation with iron chloride (FeCl 3 ) and a combination of polyaluminium chloride and iron chloride (FeCl 3 /polyaluminium chloride). Based on their hydrophobicity, these authors fractionated into four fractions the dissolved organic carbon (DOC) in the raw water and after coagulation. Their fractionation showed that most of the DOC (68%) in the raw water comes from the fulvic acid fraction, yielding 41% of the total THM precursors and 21% of the total HAA precursors. Moreover, both coagulants remove the humic acid fraction, but result in different changes to the reactivity of the remaining NOM fractions towards THM and HAA formation, indicating that coagulation occurs by different pathways, depending upon the type of coagulant used.
In particular, significant changes in the reactivities of the hydrophilic acidic and non-acidic fractions were observed (Tubic´et al., 2013) . Another interesting work was performed by Diemert et al. (2013) since they investigated the link between NOM characteristics and halo-benzoquinones (HBQs) -which have been previously detected as DBPs in chlorinated drinking water -formation during bench-scale coagulation of raw water. Three source waters were subjected to jar testing using alum followed by chlorination. They identified one HBQ, 2,6-dichloro-(1,4) benzoquinone (2,6-DCBQ) in all waters after chlorination, and appeared to decrease with increased applied alum dose. They demonstrated that 2,6-DCBQ exhibited high correlations with some humic NOM indicators: humic substance concentration (in two waters), UV absorbance at 254 nm, UV absorbance at 254 nm of the humic peak, and SUVA of humics. With their data pooled from the three waters, the biopolymer fraction of NOM was most strongly correlated with 2,6-DCBQ formation (R 2 = 0.78, p < 0.001); they attributed this to the co-removal of biopolymers with HBQ precursors during coagulation. They concluded that their results indicate that coagulation processes can be effective for reduction, but not elimination, of HBQ precursors.
On the other hand, Lou et al. (2012) affirmed that the disadvantage of using some polymeric salts is that the preformed species are stable and cannot be further hydrolysed during coagulation, and may not be efficient in removing a highly hydrophobic NOM (Lou et al., 2012) .
Coagulation diagram
Researchers such as Kim et al. (2001) , Rigobello et al. (2011) , and Xiao et al. (2013) reminded us that a coagulation diagram still exits. A coagulation diagram, as a definition, is a figure in which coagulant metal concentration-pH coordinates are used to outline the regions of different coagulation mechanisms. In order to select the appropriate coagulant product and coagulant dosage for a given application and to interpret coagulation results from both jar tests and plant studies, the coagulation diagram was first used by Amirtharajah and Mills (1982) .
Indeed Xiao et al. (2013) delineated removal areas of polar compounds, perfluorooctane sulphonate (PFOS) and perfluorooctanoate (PFOA) which are persistent organic pollutants that have been found to be ubiquitous in the environment, on a coagulation diagram (Fig. 2) . Xiao et al. (2013) considered some key variables such as solution pH, coagulant dosage, coagulants (alum and ferric chloride), NOM, initial turbidity, and flocculation time. Their jar-test results show that conventional coagulation (alum dosage of 10-60 mg L À1 and final pH of 6.5-8.0) removed 620% of PFOS and PFOA which tended to be removed better by enhanced coagulation at higher coagulant dosages (>60 mg L
À1
) and (thus) lower final pH (4.5-6.5). In their coagulation diagram (Fig. 2) , Xiao et al. (2013) defined the coagulant dosage and solution pH for PFOS/PFOA removal. Their results suggest that the primary PFOS/PFOA removal mechanism is adsorption to fine Al hydroxide flocs freshly formed during the initial stage of coagulation; and increasing flocculation time from 2 to 90 min could not further improve PFOS and PFOA removals. Xiao et al. (2013) concluded that the removal of PFOS/PFOA by coagulation appears to be controlled by both electrostatic and hydrophobic effects: indeed, (1) the coagulant dosage and solution pH are two dominant factors affecting the removal rate of PFOS/PFOA and increasing coagulant dosage can increase the available surface area for adsorption/enmeshment; (2) and the resulting decrease in pH (from the increase in coagulant dosage) can increase the number of protonated adsorption sites. Furthermore, Xiao et al. (2013) obtained different fates of PFOS/PFOA and turbidity particles during coagulation indicating that these chemicals were not co-removed with turbidity particles and require a different removal approach than what is required for reducing turbidity. (Xiao et al., 2013) .
The hydrophilic/hydrophobic ratio
In this research in the recent literature, the first authors who mentioned the hydrophilic/hydrophobic ratio were Chiang et al. (2002) and Yang et al. (2013) . They briefly mentioned the hydrophilic/hydrophobic ratio or distributions, respectively, as a characteristic of OM in finished water in one place of their research paper. Lyon et al. (2012) mentioned that some workers have observed an increase in the ratio of hydrophilic to hydrophobic OM in filtered surface water after UV irradiation.
For Gang et al. (2005) , the relative distribution of HAAs and THMs is believed to be influenced by the hydrophobic/ hydrophilic distribution of NOM in the waters being chlorinated. They affirmed that alum coagulation has been reported to remove more hydrophobic organic carbon than hydrophilic organic carbon compounds, resulting in a shift in the hydrophobic/hydrophilic (i.e., the inverse of the hydrophilic/hydrophobic ratio) distribution of NOM, and hence the relative concentrations of HAAs and THMs upon chlorination (White et al., 1997; Lee and Westerhoff, 2006; Shi et al., 2007) .
On the other hand, under the pH conditions of most natural waters, humic substances occur as negatively charged macromolecules due to the presence of functional groups, i.e. carboxyl and phenol (Edwards and Amirtharajah, 1985) . It is well established that pH level affects the configuration of the molecule (i.e., expanded vs. coiled), as well as charge density (Rigobello et al. (2011) ). Generally, the fulvic acids have a higher acidity and correspondingly higher charge density than humic acids derived from the same source (Sharp et al., 2006) . As proved by some authors (Kaleta and Elektorowicz, 2009) , both pH and hardness have a significant effect on the effectiveness of humic substances removal from aqueous solutions by the coagulation process. They confirmed that the coagulation was mostly effective between pH values of 5 and 6. However, when pH is comprised between 7 and 9, the effectiveness of humic substances removal steadily decreased, and increased slightly again at pH 10.
Furthermore, there is no obvious trend in chemical fractionation associated with the type of water system since each water system may have multiple sources of natural dissolved OM and different organic carbon fraction contents (Rigobello et al. (2011) ). For water systems containing terrestrial materials as a major dissolved OM input, they generally tend to have higher hydrophobic fraction content or humic substances. The hydrophobic content typically varies between 50% and 60% of the total DOC for highly coloured surface waters (Sharp et al., 2006) . On the other hand, low hydrophobic content has been observed in the South Platte River in Colorado and Clinton Lake in Kansas, composing 34% and 33% of the dissolved OM, respectively (Rigobello et al. (2011) ). Consequently, let us consider that a medium value of the hydrophobic fraction is around 45% (the arithmetic medium of 50%, 60%, 34% and 33%) and the hydrophilic fraction represents the remaining portion [some authors such as Kim (2009) and Kim and Kang (2008) reported another fraction, i.e. transphilic]. In other words, considering that the dissolved OM is mainly composed of hydrophilic fraction and hydrophobic fraction, the hydrophilic/hydrophobic ratio may be calculated as follows:
The literature has mainly proposed two mechanisms to explain the removal of humic substances by coagulation: (1) charge neutralisation/precipitation at acidic pH, and (2) adsorption and/or sweep coagulation in a hydroxide precipitate at alkaline pH (Kim et al., 2001; Pernitsky and Edzwald, 2006; Duan and Gregory, 2003; Sie´lie´chi et al., 2008) . Rigobello et al. (2011) concluded that the higher the percentage of aquatic fulvic acids in water samples containing larger numbers of negatively charged groups (oxygenated groups) and aliphatic carbon atoms, the stronger the influence on coagulation. In order to achieve the same degree of colour removal, the water samples with smaller apparent molecular sizes required higher doses of both aluminium sulphate and ferric chloride. Chow et al. (2009) confirmed that polysaccharides and their derivatives are recalcitrant to removal with alum coagulation.
Following the topics of this review, a very interesting work was done by Xing et al. (2012) . They used reverse phase high performance liquid chromatography (RPHPLC) as a rapid assessment of the hydrophobicity/hydrophilicity of NOM. They found that the reduction of total RPHPLC peak area correlated well with DOC and UV absorbance at 254 nm (UV 254 ) removal efficiency. After resolving the RPHPLC profile using a peak fitting technique, Xing et al. (2012) affirmed that the ratio between hydrophobic and hydrophilic peak area can be used to quantify the treatability of NOM (particularly DOC removal). Further, their statistical analysis grouped the resolved peaks into three groups (two groups of hydrophilic and one group of hydrophobic) and established an expression to link peak area with UV 254 and DOC removal. They further compared their characterisation results by the traditional resin fractionation technique using . They confirmed that despite the definition that hydrophobic and hydrophilic components measured by both methods could be different, both methods confirmed that the hydrophilic fraction was recalcitrant after coagulation and is of small MW. Uyguner et al. (2007) concluded that considering that enhanced coagulation generally removes large molecular size components expressing different hydrophobicity/hydrophilicity characteristics, the treatment efficiencies are also expected to be altered. Xiao et al. (2010) concluded that enhanced coagulation showed a strong ability in controlling DBPs formation (in comparison to conventional coagulation), but the remaining OM after enhanced coagulation still contributed a considerable amount of halogenated DBPs when a high chlorine dosage was applied. Their results imply that the fraction of NOM that is not readily removed by (enhanced) coagulation may have low reactivity towards chlorine.
At this stage of this review, the following question arises: Why the hydrophilic and hydrophobic characteristics are important in dissolved organics coagulation process? The hydrophilic adjective describes the character of a molecule or atomic group that has an affinity for water and the hydrophobic adjective describes the character of a molecule or atomic group that is insoluble in water, or resistant to wetting or hydration. The main difficulty of hydrophilic organics removal is their passage from the dissolved/soluble state to the insoluble state. On the other hand, colloids are categorised as hydrophobic or hydrophilic. Obviously, hydrophobic colloids do not react with water and most natural clays are hydrophobic, and hydrophilic colloids react with water and organics causing colour are hydrophilic. As discussed previously, hydrophilic colloids may chemically react with coagulants used in the treatment process but they require more coagulant than hydrophobic colloids (Al-Malack et al., 1999; Uyak and Toroz, 2006; Ghernaout et al., 2009; Zhan et al., 2010; Matilainen et al., 2010) .
For Bond et al. (2010) , the principal characterisation is related to hydrophobicity where water is fractionated into hydrophobic and hydrophilic components by use of resins. While there is a perception that hydrophobic NOM is the major source of DBP precursors, previous research has shown how other NOM groups also contain significant levels of precursors (Bond et al., 2010) . For example, in NOM from the South Platte River (USA), THM formation potential for the hydrophobic acid and hydrophilic acid fractions were comparable, at 46 and 35 lg CHCl 3 mg C
À1
, respectively (Bond et al., 2010) . Moreover, there is evidence that since hydrophilic NOM is less treatable by coagulation, it is this group which can determine post-coagulation NOM levels (Yoon et al., 2009; Bond et al., 2010) , and in turn final DBP formation, at least where chlorination is the final treatment step. Indeed, Lu et al. (2009) indicated that aromatic moieties are responsible for DBPs formation for both hydrophobic and hydrophilic DOM fractions.
If we return to Eq. (1) for the final state, i.e., after conventional water treatment, and considering that the hydrophilic fraction remains constant and the hydrophobic fraction is reduced to 45%, the ratio r would be:
The ratio r increases from 11/9 to 20/9 because the hydrophilic fraction remains constant and the hydrophobic fraction is reduced by both its removal by adsorption/enmeshment in coagulation process and its transformation into hydrophilic fragments by charge neutralisation -if pre-oxidised, the hydrophobic OMs could be converted to hydrophilic structure (Swietlik, 2004; Iriarte-Velasco et al., 2007) and OM with higher MW oxidised to lower MW material (Li et al., 2009 ). The charge neutralisation may result in organic molecules fragmentation due the metal cationic species reaction forming metalorganic complexes which are more soluble in water (Jekel, 1986; Gregor et al., 1997; Lu et al., 1999; Ghernaout et al., 2009 ) before their transformation into insoluble complexes (Van Benschoten and Edzwald, 1990; Huang and Shiu, 1996; Vrijenhoek et al., 1998; Shi et al., 2007) which are removed by adsorption and sweep coagulation (Jung et al., 2005; Sie´lie´-chi et al., 2008; Yan et al., 2008; Liu et al., 2009; Xiao et al., 2009; Ghernaout and Ghernaout, 2012) . In other words, charge neutralisation mechanism as a chemical reaction would not be totally achieved.
Furthermore, pH also affects the physicochemical properties of humic acid in water . Even if humic acids may be considered less hydrophilic and more hydrophobic (fulvic acids are more hydrophilic), the protonation at lower pH (i.e., pH = 5-6) makes humic acids easier to be charge-neutralised and destabilised (Xu et al., 2010; Yan et al., 2008; Rizzo et al., 2008; Zhang et al., 2008) . Moreover, pH could affect the balance between the reactions of organic functional groups with hydrogen ions and Al hydrolysis products . In other words, at lower pH, hydrogen ions could out compete with the metal hydrolysis products for organic ligands; consequently, the amount of unsatisfied organic ligands is decreased and then humic acids could be removed more efficiently by coagulation process . Kazpard et al. (2006) suggested that the functional groups involved in the aggregation of humic substances change with pH and coagulant concentration, i.e., at low aluminium concentration, hydrolysed aluminium species bind selectively to carboxylic groups at pH 6, and to phenolic moieties at pH 8. Wandruszka et al. (1997) have shown that aqueous solutions of soil humic acids respond to the addition of cations by forming intramolecular and intermolecular aggregates, compact structures with relatively hydrophobic interiors and hydrophilic surfaces. As explained by And -elkovic´et al. (2004) , when cations are added humic acids macromolecules tend to shrink or contract; mutual repulsion among negatively charged carboxyl groups is minimised and they fold forming intramolecular and intermolecular aggregates. This is may be due to two mechanisms: charge neutralisation and functional group bridging. Further, functional group bridging enhances this effect, especially with multivalent cations, by drawing together various groups on the humic acid chain (And -elkovicé t al., 2004) . The main question which may be addressed here is what should be the configuration of the conventional water treatment to achieve r (see Eq. (2)) equals 0? In 1986, Rice and Gomez-Taylor (1986) concluded that to minimise the presence of oxidation by-products in drinking water, the concentrations of oxidisable organic/inorganic impurities should be lowered before any oxidising agent is added. The same conclusion was achieved by Ji et al. (2008) .
On the other hand, we must keep in mind that, as discussed by Bond et al. (2009) , there is conflicting literature regarding which NOM types are predominant as precursors of THMs and HAAs. Some authors reported that hydrophilic/polar NOM is more prevalent in the formation of HAAs than THMs (Bond et al., 2009) , whereas others implicated hydrophobic/ non-polar NOM (Liang and Singer, 2003; Kim and Yu, 2005) .
Conclusions
NOM in raw water can contribute in many ways to the poor quality of drinking water, including the formation of DBPs such as THM and HAA during disinfection. Consequently, the NOM removal in conventional water treatment by coagulation process is a vital preoccupation for water treatment engineers. Based on the literature reviewed, the following points may be drawn:
1. If we consider the hydrophilic/hydrophobic ratio for the raw water and also for the treated water, i.e. after coagulation and/or pre-chlorination: (1) In the case of coagulation without pre-chlorination and if we admit that the hydrophilic fraction is less reduced (i.e., it remains approximately constant) than the hydrophobic one (which decreases since it is removed by charge neutralisation/sweep coagulation), the hydrophilic/hydrophobic ratio may increase. (2) In the case of pre-chlorination followed by coagulation and if we suppose that the hydrophobic fraction is transformed into hydrophilic fragments by pre-oxidation, the hydrophilic fraction increases due to the hydrophobic decomposition before coagulation, the hydrophilic/hydrophobic ratio may greatly increase more than in the case of coagulation alone (because the hydrophobic fraction is not removed by coagulation as in the case of coagulation alone but it remains in solution as more dissolved OM, i.e. hydrophilic). 2. As it was established by the literature, enhanced coagulation is well-convenient for the case of coagulation without pre-chlorination. Enhanced coagulation acts on both fractions hydrophilic and hydrophobic by charge neutralisation more than sweep coagulation (the H + action on C‚C and C‚O bonds is more rapid than the action of Al 3+ /Fe 3+ ), the hydrophilic fraction is more reduced by charge neutralisation more than sweep coagulation comparatively to the case of coagulation alone and the hydrophobic fraction is also well removed by both charge neutralisation (the hydrophobic fraction is more macromolecular than the hydrophilic fraction, the C‚C and C‚O bonds are easily exposed to the H + attack in the case of the hydrophilic fraction) and sweep coagulation (especially when the metal salt dosage is increased) comparatively to the case of coagulation alone. 3. Representing NOM concentration in the raw water, the hydrophilic/hydrophobic ratio is well reduced in the case of enhanced coagulation more than in the case of coagulation alone and also more than in the case of pre-chlorination followed by coagulation. 4. Determining the exact numerical values of the hydrophilic/ hydrophobic ratio for raw water and treated water at different stages of the treatment processes in a WTP, as for the DCO/DBO 5 ratio in the case of wastewater treatment, would help on focusing more on OM control and removal.
